Chikungunya virus (CHIKV), preferentially transmitted by Aedes mosquitoes, is an emerging 18 pathogen around the world and causes significant morbidity in patients. A single amino acid 19 mutation in the envelope protein of CHIKV has led to shift in vector preference towards Aedes 20 albopictus, an invasive mosquito. Previous studies have shown that after infection, mosquitoes 21 mount an antiviral immune response. However, molecular interactions during the course of 22
infection at different tissues and time-points remain largely uncharacterised. Here we performed 23 whole transcriptome analysis on dissected midguts and head/thorax of CHIKV (Indian Ocean 24 strain) infected Aedes albopictus to identify differentially expressed genes compared with 25 uninfected controls. For this, RNA was extracted at two days post-infection (D2) from pooled 26 midguts and eight days post-infection (D8) from heads and the anterior 1/3 rd of the thorax. We 27 identified 25 and 96 differentially expressed genes from the D2 and D8 samples respectively (p-28 value <0.05). Custom de novo transcriptomes were assembled for the reads that did not align 29 with the reference genome and an additional 225 and 4771 differentially expressed genes from 30 D2 and D8, respectively, were identified. Twenty-two of the identified transcripts, possibly 31 involved in immunity, were validated by qRT-PCR. Interestingly, we also detected changes in viral 32 diversity, as shown by number of mutations in the viral genome, with increase in number of 33 mutations in the midgut compared with mammalian host (Vero cell culture), followed by 34 reduction in the number of mutations in head and thorax at D8, indicating a possible genomic 35 bottleneck. Taken together, these results will help in understanding Aedes Albopictus 36 interactions with CHIKV and can be utilised to reduce the impact of this viral infection. 37 3 Author Summary 38 Chikungunya virus has caused several outbreaks around the world in the last decade. Once a 39 relatively unknown virus, it now causes seasonal infections in tropical and some temperate 40 regions. This change in epidemiology is attributed to vector switch from Aedes aegypti to Aedes 41 albopictus, an invasive pest leading to spread and causing infections in temperate regions. 42 Although recent research has identified mosquito factors influencing infections, our 43 understanding of interaction between chikungunya virus and its vector is limited. Using whole 44 transcriptome sequencing of chikungunya infected mosquitoes, we identified differentially 45 expressed genes in the midgut and head and thorax, over the course of mosquito infection. We 46 also detected changes in the viral genome during mosquito infection and a possible genetic 47 bottleneck event with reduction in viral variants at the head and thorax region of mosquito in the 48 later stages of infection. These results will lead to improving our understanding of mosquito-virus 49 interactions with Aedes albopictus as a vector and in turn lead to development of novel disease Introduction 53 Arboviruses, such as dengue, chikungunya and Zika viruses, cause a significant burden on public 54 health systems worldwide. Transmitted by mosquitoes, these viruses can cause high morbidity 55 and mortality, with dengue alone causing more than 300 million infections per year [1] . First illness, cutaneous exanthema and debilitating and often prolonged arthralgia [4] [5] [6] . 60 While Aedes aegypti is the traditional vector for CHIKV, since the Reunion Island outbreak in 61 [2005] [2006] , Aedes albopictus is observed to be more involved in viral transmission [7] . A single 62 amino acid change in codon 226 of the E1 gene, that codes for the envelope protein of the virus, 63 has improved fitness of CHIKV in Aedes albopictus [8] . This genetic shift has been implicated for 64 most of the recent outbreaks, where despite an absence of the traditional vector Aedes aegypti, 65 CHIKV has successfully established infections through Aedes albopictus. As an invasive species, 66 Aedes albopictus has been expanding its traditional habitat of tropical and sub-tropical regions 67 to much cooler temperate regions. Aedes albopictus also survives in favourable microhabitats 68 even in winter and freezing temperatures [9] . These factors have further increased the risk of 69 CHIKV to cause outbreaks in newer areas where mosquito-borne viral diseases are uncommon, 70 such as Northern America and temperate Europe [10, 11] . 71 For a mosquito to become infective, the virus needs to cross 2 critical barrier tissues, the midgut 72 and salivary glands. Infection barriers can be influenced by multiple factors, including viral factors 73 5 such as viral glycoproteins, or vector factors such as presence of a viral receptor, host replication 74 factors and the microbiome composition of the midgut. Inside mosquitoes, after feeding, the 75 blood meal moves down to the midgut where virus must contact epithelial cells before digestion 76 of the blood meal and formation of the peritrophic matrix takes place. Following the successful 77 infection of the midgut, the virus must overcome midgut escape barriers to disseminate to other 78 tissues such as the haemocoel, head and salivary glands [12] . When an adult female Aedes 79 albopictus mosquito is exposed to CHIKV in the process of blood feeding, the virus infects the 80 midgut usually in a matter of hours [13] [14] [15] . From haemocoel, the virus makes its way to the 81 salivary glands of the mosquito, which are present in the front 1/3 rd thorax region. Once the virus 82 is detected in the saliva, the mosquito is considered to be infective and a competent vector [16, 83 17] . 84 Although previous studies [18] [19] [20] [21] [22] [23] have used transcriptome-based approaches to identify 85 mosquito-virus interactions, tissue-specific responses during the course of infection have not 86 been characterised. Here, using next-generation sequencing, we characterised the whole 87 transcriptome response at the midgut (MG) (the first barrier site) and head & thorax (HT) 88 (containing the salivary glands and viral dissemination sites), in Aedes albopictus in response to 89 CHIKV infection. Our results also showed that the virus undergoes mutations in its genome as it 90 passes through the mosquito and the number of mutations was significantly different at the two 91 sites and in the course of infection, indicating a possible genomic bottleneck. challenged with a chicken blood meal spiked with CHIKV (1 in 100 dilution of stock virus, TCID 50 105 1.5x10 9 /ml) through chicken skin membrane feeding (Hemotek membrane feeding system®). 106 Uninfected chicken blood and skin were provided by the Small Animal Facility (Australian Animal 107 Health Laboratory) from chicken bred in the laboratory without any arboviral infection. The 108 procedure was conducted with approval from AAHL Animal Ethics Committee. After one hour, 109 the mosquitoes were anesthetised with CO 2 , blood fed females sorted and kept in 200 mL 110 cardboard cup containers at 27.5°C, 70% humidity and 14:10 day:night photoperiod for 2 and 8 111 days with 10% sugar solution ad libitum. For controls, females were fed with blood mixed with 112 media supernatant from uninfected Vero cell culture. Midguts were collected at 2 dpi (D2) and 113 7 head/thorax were collected at 8 dpi (D8), from infected and control mosquitoes. Dissected 114 tissues were stored in 50 µl of Qiagen RLTplus buffer with 5-10 silica beads (1 mm) at -80°C.
115
RNA extraction and cDNA preparation 116 Bead beating was performed on MP Biomedicals FastPrep -24™ homogeniser, 3 cycles, speed: 117 6.5 m/s, 45 seconds each cycle. RNA was extracted using the RNeasy TM kit (Qiagen Australia) and 118 cDNA was generated by using random hexamers and Superscript-III reverse transcriptase 119 (Thermo Fisher Scientific Inc. Australia) following the manufacturer's protocols. 120 121 cDNA generated from the RNA extracted from the midguts of D2 pools and the carcasses of D8 122 pools were tested for CHIKV viral RNA using an in-house designed qRT-PCR (Table B in S1), using 123 primers specific for the E1 gene (Table A in S1). For RNASeq data validation, adult female 124 mosquitoes were infected with CHIKV as described before and RNA was extracted from the MGs 125 and HTs of 5 infected mosquitoes and cDNA was generated by protocols described previously. 126 cDNA from the corresponding tissue of 5 uninfected mosquitoes was used as controls. qPCR was 127 performed using gene-specific primers and 18s rRNA specific primers as internal controls (Table   128 A in S1). Following removal of Gallus gallus reads (due to chicken blood feeding) using SAMtools v1.3.1, 148 the remaining reads were aligned to the Aedes albopictus Foshan strain genome sequence 149 (AaloF1) from Vectorbase using Hisat2 and the resultant SAM file was sorted and converted into 150 a BAM file using SAMtools [26, 27] . 151 On Galaxy virtual lab v1.4.6.p5, featureCounts v1.4.6-p5 was used to quantify aligned transcripts 152 from the sorted BAM files with default parameters for paired end reads, and DESeq2 v2.11.38 153 9 was used to obtain differentially expressed genes between the controls and infected samples by 154 using default parameters on featureCounts output files [28, 29] . 155 Using Trinity v2.3.2, two custom De Novo transcriptomes were built by combining the unaligned 156 reads from MG (D2) and HT (D8) respectively [30, 31] . This transcriptome was used as a reference 157 genome and the reads aligned, transcript counts measured and differentially expressed genes 158 quantified using edgeR. The differentially expressed genes were annotated using BlastX and 159 BlastN [32, 33] . 160 The gene ontology (GO) IDs of the differentially expressed genes were obtained using the Biomart 194 Initially, to determine infection status of these tissues, qRT-PCR was performed using CHIKV-195 11 specific primers. Based on these results (Table C in S1) and requirements of the Nugen Ovation 196 universal RNAseq kit, for D2, 2 control and 3 infected MG pools were used; while for D8, 1 control 197 and 2 infected HT pools were used to prepare libraries. 198 The sequencing of eight libraries resulted in between 37 million and 170 million reads each. After 199 quality trimming, reads mapping to the chicken genome were discarded to remove reads 200 originating from undigested chicken blood. The remaining reads were aligned to the Aedes 201 albopictus reference genome with the average alignment of 62.22% between the 8 libraries. The 202 results also confirmed that all five infected libraries (3 from D2 and 2 from D8) contained viral 203 reads, while the 3 control libraries (2 from D2 and 1 from D8) did not (Table 1) . 208 Differentially expressed genes were identified using DESeq2 and edgeR and were plotted as 209 Volcano plots (Fig 1) . The results showed a number of genes to be differentially expressed at the 210 two time points and tissue sites, using both methods ( Table 2) albopictus reference genome; while edgeR analysis was done on reads that did not align to the reference 218 genome and were aligned to the custom transcriptome. 219 To determine the biological processes and molecular functions of the differentially expressed 223 genes, gene set enrichment analysis and ontology was performed using TopGO (Fig 2) . As 249 We selected 22 differentially expressed genes for validation by qRT-PCR, based on their known 250 immune functions. This included 8 genes from D2 (1 aligned to reference genome and 7 from 251 custom transcriptome) and 14 genes from D8 (11 aligned to reference genome and 3 from 252 custom transcriptome) (see Table 3 for details). List of genes selected for validation by qRT-PCR from the two time points and tissues and their 255 annotation based on BlastX and BlastN. 256 The qRT-PCR results, using gene-specific primers, were compared with the RNAseq data (Table   257   4 ). In D2 samples, among the 8 targets chosen for validation, 6 were concordant with one target 258 being discordant. In D8 samples, 7 out of 14 target genes were concordant. The ∆∆Ct of 259 TRINITY_DN46100_c0_g1_i1 (D2) and AALF008354 (D8), were less than 0.1 and hence not 260 included in concordance calculation. 261 The mean ΔCt values of D2 and D8 targets in infected mosquitoes compared to uninfected 266 controls are shown in Table D in S1. The variants were called using Samtools and the figure was generated using R-Studio and annotated in 293 Inkscape v0.91. 294
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Chikungunya virus is a re-emerging alphavirus causing a high morbidity with long term arthralgia. 296 Previous studies have taken approaches to understand the interaction between chikungunya 297 virus and the Aedes aegypti vector [39] . However, considering the switch in vector preference 298 towards Aedes albopictus by Indian Ocean isolates and invasive nature of this mosquito species, 299 it is paramount to characterize the interaction between CHIKV and the new vector. 300 Previous studies with whole transcriptome analysis in mosquito vectors have used either whole 301 mosquitoes or cell culture [18] [19] [20] [21] [22] 40] . Our objective here was to study the vector-virus 302 interaction specifically at midgut, the first barrier site, and head/thorax, which denote the 303 dissemination sites and include salivary glands, to understand the factors that play a critical role 304 in determining mosquito vector competence. 305 In the current study, unbiased transcriptional analysis was performed on tissues collected from Our analysis revealed that at 2 dpi in midgut, most of the transcriptional changes are related to 310 metabolism. Analysis of molecular functions revealed that while lysozyme activity and alkaline 311 phosphatase were down regulated, carboxypeptidase activity was upregulated. Indeed, 312 lysozymal and carboxypeptidase pathways are implicated in innate immune responses against 313 multiple arboviral infections [41] [42] [43] [44] . 314 At 8dpi in head/thorax, differential regulation of biological processes including RNA and mRNA 315 binding, lysosomal and serpin pathways and down regulation of defensin genes were observed. 316 These could be due to either mosquito immune responses to CHIKV or viral modulation of 317 immunity. Processes such as the regulation of transport and homophilic cell adhesion via plasma 318 membrane could be involved in viral assembly and export [45] [46] [47] [48] . Functional studies to 319 determine whether these genes are pro or anti-viral are needed and could explain the role of 320 these genes in the infection process. 321 Interestingly, in D8 HTs, two odorant binding proteins (OBPs) were found to be differentially 322 expressed. Obp25 (AALF018602) was upregulated while D7 protein (AALF024478) was down 323 regulated. In Aedes aegypti, salivary glands infected with dengue virus also showed differential 324 expression of odorant binding proteins [49] and it was shown that down regulation of OBPs 325 reduced the chemosensory abilities of the mosquitoes and hence reduced exposure to virus via 326 feeding and thus hindered transmission capabilities. Similar mechanisms may be in play here as 327 well, although that remains to be verified. 328 Multiple prior publications have also shown that the RNAi pathway is one of the major pathways 329 involved in antiviral responses in insects [50] [51] [52] . In this study, we did not find any statistically 330 20 significant changes in expression of genes involved in RNAi pathways. It is possible that the 331 regulation of this pathway either does not occur at the transcriptional level or the proteins 332 involved are ubiquitously expressed and not differentially regulated. It is also possible that the 333 time points we selected did not coincide with RNAi activation. 334 Twenty-two genes were selected for validation by qRT-PCR, based on their possible involvement 335 in mosquito immunity. The concordance was lower in the D8 genes compared to D2 genes. This 336 could be due to the lower number of controls in D8 samples in the RNAseq analysis. 337 The incomplete and poorly annotated reference genome of Aedes albopictus was a hindrance in 338 performing data analysis and robust pathway analysis. We also used heads and anterior 1/3 rd of 339 the thorax, which included salivary glands at 8 dpi. The results from D8 samples represent data 340 from heterogeneous tissue, and care needs to be taken before any broad conclusions are drawn. 341 Functional characterisation of the identified genes may help in deciphering the results and 342 understanding their role in mosquito-virus interactions. 343 RNA viruses, like CHIKV, have an inherent ability to rapidly mutate and generate variants for 344 adaptation in novel environments through an error-prone polymerase [53] . Viral diversification is 345 thought to be driven by the mosquito immune system leading to evolution of new genotypes. 346 Previous study has shown that West Nile virus exhibits stochastic reductions in genetic diversity, 347 which was recovered during intra-tissue population expansions [54] . Here, we showed that the 348 mutations that arose in MG and HT samples compared to the original Vero cell culture isolate 349 indicate possible changes in the viral sequence as it adapts from a mammalian host to different 350 mosquito tissues. Vero cells, derived from African green monkey kidney, are known to be type-1 351 21 interferon response deficient [55] , which may result in a high amount of CHIKV viral diversity as 352 seen by high number of viral variants. Our results suggest that this diversity increases significantly 353 in the mosquito midgut samples at 2dpi. We hypothesise that this increased genomic diversity with immune modulatory functions [58] . We detected an apparent 'hotspot' of variability within 365 the coding sequence of this protein in all samples, suggesting an important functional effect in 366 mosquitoes that warrants further study. 367 Overall, our results showed significant changes in the transcriptome of Aedes albopictus 368 mosquitoes after CHIKV infection, with identified genes involved in multiple cellular processes. 369 This study, for the first time, examines differential gene expression at the midgut (the first critical 370 barrier site) and head and thorax (dissemination site containing salivary glands) in infected 371 mosquitoes. This study can be utilized in determining potential pro-viral and antiviral host factors 372 22 and in turn, will be helpful in reducing the high impact of CHIKV infections by targeting the vector, 373 Aedes albopictus. 374 
